Most paleo-episodes of ocean acidification (OA) were either too slow or too small 26 to be instructive in predicting near-future impacts. The end-Cretaceous event (66 27 Mya) is intriguing in this regard, both because of its rapid onset and also because 28 many pelagic calcifying species (including 100% of ammonites and more than 29
90% of calcareous nannoplankton and foraminifera) went extinct at this time. 30
Here we evaluate whether extinction-level OA could feasibly have been produced 31 by the asteroid impact. Carbon cycle box models were used to estimate OA 32 atmosphere through burning of fossil fuels and deforestation (1). This has led to an 50 increase in atmospheric CO2 of 40% (from 280 ppm in pre-industrial times to 400 51 ppm in the year 2015). Simultaneously, about 160 Pg C has been taken up by the 52 ocean (2), where it causes ocean acidification (hereafter 'OA') (3). 53 54 OA is of particular concern for calcifying organisms (3), because it leads to lower 55 CO3 2-concentrations and hence lower seawater saturation states with respect to 56 CaCO3 (Ω). In theory, lower Ω should make it energetically more costly for 57 organisms to synthesise CaCO3 shells and skeletons and, subsequently, if Ω falls 58 below 1.0, to maintain them against dissolution. A large variety of short-term 59 experiments have been carried out to test for such consequences (4). It is widely 60 recognised, however, that one aspect which these experiments generally do not 61 address (although see refs. 5 and 6) is the degree to which organisms can evolve in 62 response to the changing carbonate chemistry and thereby become more tolerant of 63
Significance
Ammonites went extinct at the time of the end-Cretaceous asteroid impact, as did more than 90% of species of calcium carbonate-shelled plankton (coccolithophores and foraminifera). Comparable groups not possessing calcium carbonate shells were less severely impacted, raising the possibility that ocean acidification, as a side-effect of the collision, might have been responsible for the apparent selectivity of the extinctions. We investigated whether ocean acidification could have caused the disappearance of the calcifying organisms. In a first detailed modelling study we simulated several possible mechanisms from impact to seawater acidification. Our results suggest that acidification was most probably not the cause of the extinctions.
the new conditions. As a result, there is a need for approaches that reveal the long-64 term response to OA with evolutionary adaptation factored in. 65 66 Events in the past could potentially shed more light on the evolutionary response to 67
OA. However, a recent review (7) highlighted a major difficulty: during most 68 suspected OA events, CO2 levels rose so slowly that the carbonate compensation 69 process, i.e. the automatic stabilising mechanism that opposes changes in ocean 70
CaCO3 saturation (8), must have interposed to alter the nature of the impacts (7, 9, 10) , 71 making them less useful for understanding the future. 72
73
In contrast, at the end of the Cretaceous the asteroid impact induced very sudden 74 changes. Here we investigate the possibility that there was a sharp and sudden 75 acidification event concentrated in surface waters (deep waters experience delayed 76 and less severe acidification in response to an atmospheric source of acidity (11)). 77
Because there are no paleo records with which to constrain seawater chemistry 78 changes during the critical few years following the impact (the slow speed at which 79 most ocean sediments accumulate limits the resolution of sediment records to 80 thousands of years), we employ models to calculate how dramatic the surface OA 81 may have been at the end Cretaceous. 82
83
Extinctions of calcifiers at the end of the Cretaceous. 84
Another reason for being particularly interested in the Cretaceous/Paleogene (K/Pg) 85 boundary in the context of OA, is that many surface-dwelling calcifiers went extinct 86 at this time (12). Ammonites had existed on Earth for some 300 million years, and 87 had survived previous extinction events, including the one at the end of the Permian 88 when more than 95% of all marine species were lost, but they succumbed at the K/Pg 89 (13). Within other groups of marine organisms there appears also to have been a 90 strong extinction bias towards calcifiers. Among autotrophs, for example, more than 91 90% of all calcareous nannoplankton (coccolithophore) species went extinct at this 92 time (14, 15) . By contrast, there were much lower extinction rates for comparable 93 non-calcareous groups, such as siliceous diatoms of which at most 50% of species 94 went extinct (16, 17), organic-walled dinoflagellates which experienced no significant 95 extinction (18), and non-calcifying haptophyte phytoplankton of which many clades 96 survived the K/Pg (19). Similarly among heterotrophs, more than 95% of carbonate-97 shelled planktic foraminifera were lost (14) while only a few planktic silica-shelled 98 radiolaria went extinct (16, 17) . The particular severity of extinctions for calcifiers has 99 led to suggestions (e.g. 20, 21) that they were caused by OA. However, as described 100 later, upon a more detailed inspection of the paleontological evidence the selectivity 101 of extinctions seems less clear-cut. 102
103
We used biogeochemical box models of the global carbon cycle (which simulate the 104 organic and inorganic carbon pumps, ocean mixing, exchange of CO2 between the 105 ocean and atmosphere, and other processes) to assess whether severe OA might have 106 occurred. Because of the absence of accompanying paleo data at this timescale, our 107 aim is not to pin down the exact pattern of carbon chemistry changes that took place 108 at the K/Pg. Instead we focus our attention on delineating the upper bound of OA 109 severity. Our aim is to calculate the maximum degree of OA that might plausibly have 110 occurred, not the most likely. 111
112
Comparison to previous studies of carbon chemistry at the K/Pg 
Results

141
(1) Sulphate aerosols due to impact on gypsum-rich rocks. 142
An asteroid estimated at ~10km in diameter (26, 27) hit the Earth at a point on the 143
Yucatan peninsula in Mexico, producing the Chicxulub crater (diameter ~200 km). warmer on the whole in the Late Cretaceous, the lack of ice-sheets on Antarctica at 226 that time could have allowed large soil carbon stocks to accumulate there (51). 227
228
We modelled the effect on ocean carbonate chemistry from all of these sources 229 combined, through a family of model runs with carbon additions (to the atmosphere 230 rather than the surface ocean) of 2000, 4000 and 6500 Pg C. The sources most likely 231 released carbon both rapidly (volatilisation of carbonate rocks at the point of impact, 232 wildfires) and slowly (decay of soil carbon). We therefore carried out runs in which 233 CO2 was added to the atmosphere both more slowly (e-folding times of between 0.5 234 and 10 years) and more rapidly (e-folding time of 10 hours). Results of these 235 carbonate rock runs are shown in figures 1, 2 and S1. Large impacts are produced, 236
although not as severe as from the largest sulphuric acid additions. In contrast to the 237 response to SO4, there is little difference between the responses to CO2 added with e-238 folding times of 6 months and 10 hours, because of slow air-sea gas exchange of CO2. Additional runs (τ = 6 months or τ = 10 hours) were carried out in which all 277 acidifying factors were set to their maximum amounts, except for the input of SO4 278 from sulphate aerosols which was the only factor varied between runs. The input of 279 nitric acid was thus set to 5 x 10 15 mol and the input of CO2 to 6500 Gt C (exceeding 280 an estimate of 4600 Pg C for the total CO2 input, ref. 23). Changes to ocean 281 stratification were not simultaneously modelled because they weaken the combined 282 impact. The results from these runs are shown in Table 1 It is clear that some processes have much greater potential than others to drive 287 extinction-level OA. Considering firstly inputs of CO2 (from wildfires, decay, and 288 release from rocks), it appears that the potential for mass extinction-scale OA impacts 289 in this case is limited. Even for the largest total amount (6500 Pg C) over the shortest 290 timescale (10 hours), the model produces a minimum Ωcalcite of 2.2. Such an impact 291 would not have been sufficiently severe to produce complete global extinction of most 292 calcifying species via shell dissolution. This maximum amount of 6500 Pg C at the 293 K/Pg compares to ~600 Pg C of anthropogenic carbon released to date (2015) in the 294 Anthropocene (1) and estimated total available fossil fuel reserves of about 4000 Pg 295 C. It can be seen (table 1) , however, that the addition of the same amount of carbon to 296 the modern system would reduce Ωcalcite to a much lower average value (0.7). 297 298 Breakdown of ocean stratification is seen to have only a relatively small potential to 299 lower seawater pH and Ωcalcite . This is not surprising, because the pH of intermediate 300 waters in most oceans is about 7.7 and this sets a limit to the decrease in pH that can 301 be achieved by a sudden stirring of the oceans. Although very deep waters are 302 undersaturated with respect to calcium carbonate, this is primarily due to the effect of 303 pressure. For instance, if water from 3.5 km deep in the North Atlantic (dissolved 304 inorganic carbon (DIC) = 2180 µmol kg -1 , total alkalinity (TA) = 2340 µmol kg -1 ) 305
were to be raised to the surface and the pressure effect removed, its Ωcalcite would be 306 ~2.8. In the North Pacific, where deep water has accumulated more products of 307 decomposition, Ωcalcite after removal of the pressure effect would be ~1.8. In neither 308 long-term sustained changes in mixing can have a great impact over hundreds of 310 thousands of years on the depth of the CCD and the δ 13 C of CaCO3 (54), short term 311 effects on surface ocean Ωcalcite are modest and this mechanism can also be ruled out 312 as a cause of severe OA at the K/Pg. 313
314
Of the two processes in which acid is directly added to the surface ocean (sulphuric 315 and nitric acid additions), the former far outweighs the latter in terms of maximum 316 possible OA impacts. The nitric acid additions do not cause severe OA (table 1) In order to answer this question, it is necessary to estimate a lower limit value of Ω 370 below which calcifiers could not have survived. Despite large amounts of ongoing 371 research into the impacts of OA on the marine biota, a precise value for such a Ω 372 threshold is not yet available, and in any case differs between calcifier species (57). 373
We use a critical threshold value of Ωcalcite of 0.5 in the surface ocean. This criterion 374 of Ωcalcite < 0.5 corresponds to those waters becoming strongly undersaturated for 375 calcite, the less soluble form of CaCO3 accreted by coccolithophores (calcareous 376 nannoplankton) and foraminifera to form shells. Because high latitudes and low 377 latitudes are not distinguished in this simple model, there is only one surface box and 378 hence only one value of Ωcalcite. In nature, on the other hand, there is a latitudinal 379 gradient in Ω in surface waters, with highest values (at low latitudes) on average 380 about 20% higher than the global average (58). A global average value of Ωcalcite = 0.5 381 therefore corresponds to surface oceans being quite strongly undersaturated for both 382
calcite and aragonite at all latitudes. However, some calcifying species continue to 383 calcify quite well (in the laboratory at least) even at Ωcalcite=0.5 (e.g. refs. 57 and 59). 384
This threshold should therefore be considered as the minimum degree of corrosivity to 385
CaCO3 that is required to account for widespread calcifer extinctions, and it is 386 possible that even lower average values would actually be required. As discussed 387 above, the only scenarios making surface seawater so corrosive are those in which 388 large amounts of sulphur are released rapidly from gypsum rocks. 389 390 Overall, our model results do not point to extremely severe OA at the K/Pg, although 391 they do not completely rule it out. We conclude that it is possible but not likely that 392 the numerous calcifier extinctions were due to OA. Some reasons for this conclusion 393 are as follows: (A) out of several factors considered in the simulated scenarios, only 394 one (sulphuric acid) made the surface ocean strongly corrosive to calcite (Ωcalcite < 395 0.5); (B) even for sulphuric acid, the amount required to produce severe OA (previous 396 section, table S1) is above the upper ends of most (including the most recent) 397 estimates of ranges of possible emissions (table 2); (C) the amounts of H2SO4 398 reaching the surface ocean were probably at least 2-fold less than the early estimates 399 of the amounts of S released, because they ignored rapid back-reactions consuming 400 sulphur in the plume (30) and which are therefore restricted to living in shallow waters where peak OA impacts 423 would have been greatest) suffered much greater species extinction rates than 424 azooxanthellate scleractinian corals inhabiting a much larger depth range (64). In fact 425 deep water corals, far from being preferentially killed off, instead preferentially 426 survived the end-Cretaceous mass extinction (64). This is compatible with much more 427 severe OA in surface than in deeper waters, as is seen in our models (plots not 428 shown). However, among scleractinian corals as a whole (zooxanthellate and 429 azooxanthellate combined) only ~50% of all species were lost, which would seem 430 surprising if OA was the cause for other calcifier extinctions, given the experimental 431 and field evidence showing coral sensitivity to OA (65). According to Kiessling & 432 Simpson (66) 
Methods summary 478
The global biogeochemical box model. 479
The main biogeochemical box model (JModel) used here is a variant of one used 480 previously to study a number of different carbon cycle and OA problems (54, (67) (68) (69) . from the e-folding timescale (τ) according to: 502 
Methods details 809 810
As illustrated in figure S5 , the model ocean is structured as three vertically stacked 811 boxes: the surface (0-100 m) which represents the euphotic zone, a middle box (100-812 500 m) which represents the mixed surface layer above the annual thermocline, and a 813 deep box (500-3730 m) representing the deep layer below the annual thermocline. The 814 assumed depth of the surface box is an important parameter for this study because it 815 determines the volume of water into which acidifying substances are initially diluted. 816
We used the same mixed layer depth as D'Hondt et al. (23), i.e. 100 m. The surface 817 mixed layer is shallower than 100 m across most of the ocean and so we also carried 818 out sensitivity analyses (table S1) 
864
The production of CaCO3 in the surface ocean is linked to the production of organic 865 matter through the "rain ratio" (RR), which is the molar ratio of CaCO3-C export from 866 the surface layer to particulate organic carbon (POC) export. The influence of sediments 867 on the cycling of carbon is not considered in our model and is not important in this 868 study because we focus only on short-term impacts (up to a few centuries). 869 870
